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The Japan Meteorological Agency keeps records of geomagnetic phenomena observed at Kakioka (magnetic
latitude, 27.47°), Memambetsu (magnetic latitude, 35.44°), and Kanoya (magnetic latitude, 22.00°). We used these
records to examine the cumulative frequency distribution of magnetic storms, sudden impulses, and storm sudden
commencements. The distributions of magnetic storms resemble the Gutenberg–Richter relation between earthquake
frequency and magnitude used in seismology. The coefficients determined with the maximum likelihood method show
that when the H-range of a magnetic storm at Kakioka is doubled, the frequency of the magnetic storm is about one
seventh, for example. Intense magnetic storms occur less frequently than calculated by the functions. This statistical
analysis proves that there are no significant differences between slopes of the frequency distribution functions of the
magnetic phenomena at Kakioka, Memambetsu, and Kanoya.
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Solar–terrestrial environmental variations, that is, space
weather, are monitored and forecast by using observa-
tions of the sun’s surface, solar wind, and other solar
phenomena. For example, solar flares are monitored by
telescopes, and high-energy particle events are moni-
tored by artificial satellites. Though such observations
are essential to characterize events as they occur and to
predict their effects, at present, only about 30 years of
observations (i.e., three solar cycles) is available. There-
fore, the data on these phenomena are insufficient to
investigate the statistical properties of extreme solar–
terrestrial events. Sunspot numbers, which have been
recorded for several hundred years, are a good index of
long-term solar activity, but this index is not suitable for
analyzing individual space weather events since there are
many sunspots that are not linked to any geomagnetic
phenomena. Geomagnetic phenomena such as magnetic
storms, however, are discrete events that cause changes to* Correspondence: minamoto.yasuhiro@nipr.ac.jp
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the Creative Commons license, and indicate ifthe solar–terrestrial environment, and records of such
phenomena have been kept for as long as a hundred years.
For example, Kataoka (2013) has estimated the probability
of an extreme magnetic storm comparable in magnitude
to the Carrington event occurring in the next decade by
using the records of magnetic storms observed at Kakioka.
Here, we investigated records of geomagnetic events
observed at three magnetic observatories operated by
the Japan Meteorological Agency (JMA): Kakioka,
Memambetsu, and Kanoya. In this article, we provide
the cumulative frequency distributions of sudden geo-
magnetic change phenomena, that is, sudden impulses
(SI) and storm sudden commencements (SSC), and show
latitude dependence of slopes of the frequency distribu-
tion functions in a low to middle magnetic latitude.
Data
JMA has published records of SSC, solar flare effects, SI,
continuous pulsations, irregular pulsations, and geomag-
netic storms observed at Kakioka (magnetic latitude,
27.47°), Memambetsu (magnetic latitude, 35.44°), and
Kanoya (magnetic latitude, 22.00°) (Table 1). The periods
of available records and the number of geomagnetic
events recorded at each observatory are given in Table 2.
Geomagnetic field observations have been carried outcle is distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
Table 1 Geographic and geomagnetic coordinates and altitudes of magnetic observatories operated by JMA (Kakioka Magnetic and
Japan Meteorological 2013)
IAGA code Latitude (N)a Longitude (E)a Magnetic latitudeb Magnetic longitudeb Altitude (m)
Kakioka KAK 36°13′56″ 140°11′11″ 27.47° 209.23° 36
Memambetsu MMB 43°54′36″ 144°11′19″ 35.44° 211.77° 42
Kanoya KNY 31°25′27″ 130°52′48″ 22.00° 201.21° 107
aJapanese Geodetic Datum of 2000 (JGD2000)
bDipole coordinates for the International Geomagnetic Field, 11th generation (IGRF-11) of 2010.0; north pole, 80.08°N, 72.22°W
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corded on bromide paper and field notes had been
transported to the Central Meteorological Observatory
in Tokyo. On 1 September 1923, the records were
destroyed by the fire caused by the Great Kanto earth-
quake (Minamoto 2012). Digital 1-min geomagnetic data
at Kakioka, Memambetsu, and Kanoya have been avail-
able since 1976, 1985, and 1985, respectively. Before
that, staff of observatories had measured lines on analog
magnetograms and provided records of magnetic phe-
nomena with a 1-min time resolution.
For the magnitude of a magnetic event, we adopted
the H-range which is defined as the difference between
the maximum and minimum values of H-component
during the storm event. The definition is also used by
Tsurutani et al. (2003). Records of 81 magnetic storms at
Kakioka lack their ranges and those are not included in
our analyses. Data of four magnetic storms which oc-
curred in the 1940s include saturation of the instrument.
The maximum values of H-range were 700, 560, 412,
and 368 nT. We include these events in our analyses.
SSC and SI are defined as a sudden commencement
preceding a magnetic storm and an impulsive variation
which is doubtful whether it is beginning a new storm,
respectively, by the JMA (Kakioka Magnetic Observatory,
1987). Therefore, no SI has been recorded during mag-
netic storms by the JMA standard. Araki (2014) shows
that the H-component amplitude of SC that occurred
on 24 March 1940 is larger than 273 nT at Kakioka. But
we adopt 73 nT as the H-component amplitude of SSC
on that day, which is published by JMA. Records of
SSC are included in the magnetic storm records at
Kakioka, while recording of SI was started in September
1957, in accordance with a resolution of the International
Association of Geomagnetism and Aeronomy (IAGA) at
the General Assembly of the International Union of
Geodesy and Geophysics at Toronto. The Symposium onTable 2 Recorded geomagnetic events at Kakioka, Memambetsu, an
Magnetic storm
Observation period Number of event
KAK Feb. 1924–Dec. 2013 1942
MMB Jul. 1957–Dec. 2013 1228
KNY Jan. 1958–Dec. 2013 1179Rapid Magnetic Variations, held at Copenhagen in 1956,
produced a list of geomagnetic phenomena about which
observatories were sending monthly reports to the IAGA
Committee of Rapid Magnetic Variations and Earth
Currents. In these reports, the quality of SI and SSC
records are designated as A, B, or C (Curto et al. 2007).
Kurusu (1971) investigated magnetic events observed at
Kakioka, Memambetsu, and Kanoya between July 1957
and December 1968 and developed criteria for determin-
ing the quality of the records, and JMA has since recorded
the quality in conformity with those criteria. Records of
magnetic phenomena classified as quality C include only
the direction of change (positive or negative) of each
parameter; the quantity of the variation is not recorded.
Therefore, we limited our survey to event records of
quality A or B.
Relation between the magnitude of magnetic
phenomena and their frequency
For many kinds of natural phenomena, the magnitude of
a phenomenon is related exponentially to its frequency
of occurrence (Newman 2005). The relation between
magnitude of an earthquake and the frequency of earth-
quakes of that magnitude follows a power law, which is
known as the Gutenberg–Richter relation (Gutenberg
and Richter 1944). We investigated whether a similar re-
lationship exists between the magnitude of geomagnetic
phenomena and their occurrence frequency.
In our results, the relation between cumulative fre-
quency, where the frequency class width is 0.01, and the
magnitude of geomagnetic phenomena above a certain
threshold magnitude follows a power law which resem-
bles the Gutenberg–Richter relation (Figs. 1 and 2).
However, fewer small events occur than are suggested by
the power law, probably because small SI and SSC of
quality C were not included. Such small phenomena
were most likely to be neglected in the geomagneticd Kanoya
SI+SSC
s Observation period Number of events
Feb. 1924–Dec. 2013 2875
Jul. 1957–Dec. 2013 2437
Jan. 1958–Dec. 2013 2286
(a) (b) (c)
Fig. 1 Cumulative frequency distributions of the H-range of geomagnetic storms at a Kakioka (Feb. 1923 to Dec. 2013; n = 1849), b Memambetsu
(Feb. 1923 to Dec. 2013; n = 1150), and c Kanoya (Feb. 1923 to Dec. 2013; n = 1096). The straight line shows the estimated power law relation of
the distribution. Intercepts of functions are rough estimates. The vertical axes show the cumulative number of occurrences and the horizontal axes
show the event magnitude, indicated by the log 10 of the H-range of the storm. H-range is defined as the difference between the maximum and
minimum values of the horizontal (H) component of the geomagnetic field during the storm event
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events is also smaller than the expected number. We dis-
cuss the reason for this in the “Summary and discussion”
section.
The Gutenberg–Richter relation is expressed by the
following equation:
log10n Mð Þ ¼ a‐bM ð1Þ
where M represents the magnitude of an earthquake and
n(M) represents the frequency distribution function of
earthquakes of that magnitude. The coefficient b which
is the slope of the power law is characteristic for a group
of earthquakes.
If the earthquakes being evaluated are arranged in
order of magnitude and the magnitude of the i-th earth-
quake is denoted by Mi, then the value of b is calculated




where m is the total number of earthquakes in the group
and Mm is the smallest magnitude of earthquakes in the(a)
Fig. 2 Cumulative frequency distributions of geomagnetic SI+SSC at a Kak
Dec. 2013; n = 1626), and c Kanoya (Feb. 1923 to Dec. 2013; n = 1526). The str
(see text). Intercepts of functions are rough estimates. The vertical axes show th
event magnitude, indicated by log 10 of the sum of the horizontal compone
(SSC) of the storm eventgroup. If Mave is the average earthquake magnitude in
the set of all earthquakes with magnitudes exceeding





In this study, we calculate the value of b by using this
function.
Magnetic storms
We plotted the cumulative number of magnetic storms
at Kakioka against magnetic storm magnitude, adopting
log10(H-range) as M (Fig. 1). The minimum magnitude,
Mm, is estimated about 2.195 by examination of the plot.
We determined that the Mm value is within a range of
2.175 to 2.205, which means that all magnetic storms
with H-range larger than 150 to 160 nT, respectively, are
recorded. We determined 31 values of b from all mag-
netic storms corresponding to 31 values of Mm which
ranged from 2.175 to 2.205 in steps of 0.001. The aver-
age and standard deviation of the b value is 2.89 and
0.03, respectively.(b) (c)
ioka (Feb. 1923 to Dec. 2013; n = 1618), b Memambetsu (Feb. 1923 to
aight lines show the estimated power law relation for each distribution
e cumulative number of occurrences and the horizontal axes show the
nts of the sudden impulse (SI) and the storm sudden commencement
Table 4 Test statistics and critical values for the one-sample test
Dmax N Dα
α = 1 % α = 5 % α = 10 % α = 20 %
Storm KAK 0.0370 420 0.080 0.066 0.060 0.052
MMB 0.0191 340 0.088 0.074 0.066 0.058
KNY 0.0270 351 0.087 0.073 0.065 0.057
SI+SSC KAK 0.1394 277 0.098 0.082 0.073 0.064
MMB 0.0992 346 0.088 0.073 0.066 0.058
KNY 0.1176 286 0.096 0.080 0.072 0.063
Dmax is the maximum difference between the power law distribution and the
observed distributions for two cases: “storm” which refers to the H-range
during the storms considered and “SI+SSC” which refers to the H-amplitude
of the sum of SI and SSC. N is the number of H-range values or SI+SSC values
which exceed the corresponding minimum values Mm. Dmax is derived from
samples above Mm. The critical values Dα corresponding to level of
significance α are from Kanji (2006)
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the three observatories managed by JMA: Kakioka,
Memambetsu, and Kanoya. Table 3 provides the average
and standard deviation of b values at those three
observatories.
To investigate the significance of the difference be-
tween the observed distributions and the power law, we
applied the Kolmogorov–Smirnov test for goodness of
fit. From the sample, the cumulative distribution Sn(x) is
determined and plotted as a step function. The cumula-
tive distribution F(x) of the assumed population is also
plotted on the same diagram.
The maximum difference between these two
distributions
Dmax ¼ max F ‐Snj j ð4Þ
provides the test statistic.
The value of Dα corresponding to level of significance
α is obtained from Table 4 in Kanji (2006). If Dmax >Dα,
the null hypothesis that the sample came from the as-
sumed population is rejected. We derived Dmax and Dα
of H-range above estimated Mm = 2.195 (Table 4). The
number of intense storms is so small that they do not
affect the value of Dmax. For the test statistic at Kakioka,
Dmax is 0.037 and the 1 per cent critical value Dα is
0.080. The hypothesis was not rejected.
SI and SSC
We plotted the cumulative number of SI+SSC (i.e., the
sum of SI and SSC) at each observatory against magni-
tude, adopting log10 (H-amplitude) as M (Fig. 2). The
minimum magnitude, Mm, is estimated about 1.180. We
determined that the Mm value is within a range of 1.165
to 1.195, which means that all events with SI+SSC larger
than 15.1 to 16.4 nT, respectively, are recorded. We
determined 31 values of b for SI+SSC from all magnetic
storms corresponding to 31 values of Mm which ranged
from 1.165 to 1.195 in steps of 0.001 for Kakioka,
Memambetsu, and Kanoya. The average and standard
deviation of b values for the 31 values of Mm are pro-
vided in Table 3.Table 3 Average and standard deviation of b values derived
from 31 sets of Mm which are stepwisely changed at Kakioka,
Memambetsu, and Kanoya
Magnetic storm SI+SSC
KAK MMB KNY KAK MMB KNY
Average 2.89 2.94 2.95 1.18 1.17 1.18
std 0.03 0.03 0.03 0.02 0.02 0.03
Note that the b values are the value of the slopes of the frequency distributions.
Mm refers to all recorded magnetic phenomena with magnitudes exceeding the
specified valuesTable 4 also provides Dmax and Dα of H-amplitude
and SI+SSC values above estimated Mm = 1.180. Even
when α = 20 per cent, Dmax >Dα at all the three observa-
tories. Thus, the null hypothesis that the distributions
from the three observatories are power law distributions
may be rejected.
Summary and discussion
We showed that the frequency distribution of the H-range
of magnetic storms resembles the Gutenberg–Richter re-
lation between earthquake frequency and magnitude used
in seismology. However, for SI+SSC, the hypothesis that
the frequency distribution follows a power law is rejected
by the Kolmogorov–Smirnov test. The frequency distribu-
tions of the H-range of magnetic storms are consistent
with the frequency distributions of solar flares, which was
shown to be a power law distribution in Crosby et al.
(1993). Riley (2012) indicates that space weather events
including flare intensity, coronal mass ejection speeds,
and disturbance storm time (Dst) all exhibit power law
distributions. Love et al. (2015) used weighted least
squares and maximum likelihood methods to fit lognor-
mal functions to Dst maxima for years 1957–2012.
The power law relation between the frequency and
range of magnetic storms is expressed by the following
equation:
log10n Rð Þ ¼ a‐b log10 Rð Þ ð5Þ
where R represents the H-range of a magnetic storm and
n(R) represents the frequency distribution function of
magnetic storms of that H-range.
If value of R is doubled, below is a variation of Eq. (5):
log10n 2Rð Þ ¼ a‐blog10 2Rð Þ
¼ a‐b log10 Rð Þ þ log10 2ð Þ
  ð6Þ
The difference between Eq. (5) and Eq. (6) is
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Given the calculated value of the slopes (b values) at




n 2Rð Þ ≈0:860 ð8Þ
n Rð Þ=n 2Rð Þ≈7:41 ð9Þ
Equation (9) suggests that if the H-range of a magnetic
storm is doubled, the occurrence frequency decreases to
about one seventh of the reference value.
However, intense phenomena plot below the line
representing the power law on the plots, i.e., severe mag-
netic storms occur less frequently than we suggested
above. One possible explanation is that the amplitude of
magnetic disturbances has an upper limit. Vasyliūnas
(2010) estimated that the upper limit for the negative
value of the Dst index is Dste 2500 nT by setting
the effective plasma pressure equal to the magnetic pres-
sure of the dipole field at the equator of each flux tube.
Therefore, the power law expression is not appropriate
to estimate the magnitude of extremely intense magnetic
phenomena which could cause severe ground-induced
currents.
Tsubouchi and Omura (2007) derived the expected max-
imum storm level from the probability density function of
extreme storms and estimated Dst change of the maximum
storm once in two centuries at 721.2 ± 154.4 nT. Love et al.
(2015) estimated extreme-event probabilities from fits of
lognormal functions of Dst data for years 1957–2012.Fig. 3 Cumulative frequency distributions of 100 most intense geomagnet
occurrences and the horizontal axes show the event magnitude, indicatedBut the confidence limits on forecasts remain wide
due to few data.
We analyzed the 100 most intense storms among 1849
magnetic storms recorded at Kakioka and calculated that
the b value, i.e., the slope of the frequency distribution
of the H-range, is 3.81 which is significantly higher than
the average value of 2.89 given in Table 3. This is con-
sistent with the cumulative frequency distribution of the
100 most intense geomagnetic storms shown in Fig. 3,
which indicate a lower frequency of severe magnetic
storms than predicted by the power law. Another pos-
sible approach is to analyze the time rate of change of
the geomagnetic field or the induced electric field not
only for events such as magnetic storms but for the
entire period of observation.
No significant difference is seen in the values of the
slopes of the frequency distributions of both H-range at
the three observatories; in other words, magnetic storms
have no latitude dependency on the slopes around Japan,
between 22.0° and 35.4° in magnetic latitude. Rastogi
(2006) shows that storm time variations of the H-range
are largest at stations close to the magnetic equator and
at the midday longitudes from data at stations in India
between −0.7° and 45.2° in magnetic latitude for the
17–18 November 1989 and the 20–21 February 1992
events. Pulkkinen et al. (2012) indicate that the maximum
amplitude of the horizontal magnetic field drops across a
boundary at about 40°–60° of geomagnetic latitude for the
13–15 March 1989 and the 29–31 October 2003 events.
Further analyses are required to confirm the latitude
dependency of the frequency distributions of geomagnetic
phenomena.ic storms at Kakioka. The vertical axes show the cumulative number of
by the log of the H-range of the storm
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